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cations R&D Command, Fort Monmouth, New Jersey, under Contract DAABO7-
78-C-2402, The CORADCOM project engineer is Ms. Claire Loscoe. The
program is aimed at the development of III-V high-performance avalanche
photodiodes for detection in the 1.0 to 1.3 micron wavelength range.

The work was carried out in the Varian Corporate Research Solid
State Laboratory. Major contributions to this work were made by R.
Yeats and K. Von Dessonneck. Assistance was also provided by R. L.
Bell, S. B. Hyder and N. Spitaleri.
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1. INTRODUCTION

This is the final report of this program and also covers in detail
developments during the last 10 months. The program has been aimed at
developing high-performance APDs]‘]5 and preamps for optical fiber
communication in the 1.0-1.3 um spectral range. In previous reports for
this plr‘ogr'am,]z']4 we have indicated that conventional-structure InGaAsP/
InP APDs have an apparently insurmountable leakage current problem when
biased near breakdown. We have demonstrated by a variety of experi-
ments3’4’]3’]4 that the excess leakage current is a uniform bulk property,
not associated with microplasmas or surface leakage.4 There is recent
work that suggests tunneling is responsible for this excess leakage
current.

In recent work, the leakage current problem in InGaAsP has report-
edly been side-stepped by fabrication of hybrid InP-InGaAsP APD struc-
tur‘es.5’7’]5 Such structures have an InP avalanche region and a separate
InGaAsP absorbing region. We have fabricated a variety of hybrid InP-
InGaAsP APD structures and these will be discussed in this report. The
best of these hybrid APDs have negligible dark current (ID < 6 nA at
M = 30), and an excess noise factor of F/M = 0.42 = const, for 5 < M < 35.
Such APDs improve receiver sensitivity by 11-14 dB over comparable

nonavalanching photodiodes.

In an effort to determine whether the alloy nature of InGaAsP was
responsible for the excess leakage current near breakdown, we fabricated
some conventional structure (i.e., nonhybrid) high-bandgap (1.27 eV)
InGaAsP APDs. These were seen to resemble low-leakage InP APDsB'9
rather than the high-leakage low-bandgap (1.00 eV) InGaAsP APDs."s
Hence the bandgap seems to be more important in determining the excess
leakage current than possible alloy disorder effects in InGaAsP. We

discuss these high-bandgap InGaAsP APDs in this report.




We have designed and fabricated a variety of low-noise bipolar
transimpedance amplifiers for use with our APDs. Bandwidths to 500 MHz 5
(for Re = K2) have been achieved. These will be discussed in this ‘
report,

The best NEP achieved with our hybrid APDs and preamps is 2.6 x 10'13 ;
W/vAz for a 50-MHz (= 100 Mbit) system. For a 10°2 bit error rate ’
(b.e.r.), the sensitivity is estimated to be -46.6 dBm at a wavelength
of 1.1 um (where the quantum efficiency was 50%).




2. CONVENTIONAL STRUCTURE HIGH BANDGAP (1.27 eV) InGaAsP APDs

It is possible that the leakage current problem in conventional
InGaAsP APDs]'5 is related to the fundamental alloy nature of these
materials. To shed some light on this question, we fabricated some
high-bandgap (1.27 eV) InGaAsP APDs. These APDs were found to resemble
low-leakage InP APDss’9 rather than the higher-leakage lower-bandgap
(1.00 eV) InGaAsP APDs. 172 Hence, alloying, per se, does not cause the
excessive leakage current near breakdown in the lower-bandgap InGaAsP
APDs. We will now report, in some detail, on these high-bandgap APDs.

The structure of the 1.27-eV APDs is shown schematically in Fig. 1
(not to scale). The (100)-oriented InGaAsP layer was grown by LPE at a
constant growth temperature of 640°C from a melt supercooled by 10°C.
After growth, a drive-in diffusion was performed to move the p-n junction
1.1 um into the InGaAsP layer from the Zn-doped (1 x 1018cm°3) substrate.
The remaining n-type part of the InGaAsP layer is 3.3 um thick. The
area of these APDs is ~3 x 10”2
53V.

cm2 and the breakdown voltage is about

Up to gains of about M = 20, these APDs had very low dark current.
The lowest dark current (ID) at M = 20 was seen to be 50 nA, indicating
a premultiplication dark current of only ID/M = 2.5 nA (assuming all
the leakage current is multiplied). This compares to ID/M ~1 nA for
typical InP APDss’9 having the same area. The gain and premultiplica-
tion dark current as functions of voltage for a typical APD are shown in
Fig. 2. The gains were measured at 4 MHz by modulating a GaAs LED. The
dark current at low voltage had considerable variation between diodes,
indicating that a major fraction is defect related. Gains greater than
300 were seen for these diodes. However, near M = 20, very sharp micro-
plasmas set in, as indicated by a sudden very sharp increase in leakage
current and noise. Because of the extra noise, gains near 300 could
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only be seen in narrow bandwidths at low frequencies. Gain uniformity
scans indicated only minor gain variations, and light emission (des-
cribed below) occurred in a uniform glow rather than in discrete spots,

thus indicating the optically-sensitive area was free of microplasmas.

We suspect the microplasmas lie underneath the electrical contact pad

and are caused by damage in the underlying layer induced by contact
formation. The point to emphasize, however, is that 1.27-eV InGaAsP
APDs, prior to the onset of microplasmas, have very low leakage currents
and are similar to InP APDs. Gains considerably greater than 20 with

low dark currents may be expected when the microplasma problem is reduced.
Figure 2 shows that even prior to the onset of microplasmas, the dark
current increased faster than the gain (ID « M]'7). Similar behavior
occurs for the 1.00-eV InGaAsP APDs and is thought to be due to a uniform
bulk property,4 possible tunne'ling."0

To obtain the lowest noise APD, the avalanche must be initiated by
the carrier with the highest ionization coefficient. Noise measurements
were used to determine the excess noise factor, F, which is related to

the electron (o) and hole (B) ionization coefficients byn
2
.F=M1-(1-K)(M,;|1> M (2.1)
] M> 1/K
where K = B/a if electrons initiate the avalanche or K = a/8 if holes

initiate the avalanche. More exactly, in the case where K is not inde-
pendent of electric field, K represents a suitably averaged ratio of
ionization coefficients.H The rms APD noise current, In (in Amps), is
related to F and the average primary photocurrent, Io’ by

2 2
In = 2q 8B Io M= F (2.2)
where B is the noise bandwidth of the measurement system. To determine

F, I_was amplified by a Tow-noise broadband amplifier having corner

n




frequencies of 2 MHz and 50 MHz, and an equivalent input noise current
of 3 x 1078
Calibration of the measurement system was provided by biasing the APD to
only 40% of the breakdown voltage (where M = F = 1), and measuring the
shot noise of a large (~80 uA) DC photocurrent. (It was verified that
In2 was linear with Io’ a; Eq. (2.2) demands.) This calibration pro-
cedure for determining In agreed within experimental uncertainties

A. The amplified noise signal was sensed in a power meter.

(~30%) of a calibration based on the approximately-known amplifier gain
and frequency response. (See Sec. 3.1 for a more complete discussion of
this procedure.) Noise measurements were taken for the diode of Fig. 2.
A GaAs LED was used to generate a primary photocurrent of 47 nA. The
rapid optical absorption near the surface of the 1.27-eV APD insured
that the avalanche was initiated only by holes. We found F/M = 1.0 ¢
0.2 for all M between 5 and 23. By Eq. (1), we estimate 8/ac = 1.1 *
0.4.

The 1.27-eV APDs were examined for 1ight emission using an infrared
microscope with S-1 response and about 2-um resolution. At a few milli-
amps of reverse current, the 1.27-eV APDs began to glow dimly and uni-
formly. There were no bright spots, which indicates that the (unshaded)
photosensitive area was free of microplasmas or edge breakdown. We can
see such bright spots in some InP APDs. Hence we believe that any
microplasmas present had to be underneath the contact pad. The magnitude
of the avalanche-generated 1ight was estimated by using a 12-mil diameter
In.53Ga.47As detector (Eg = 0.75 eV), located 50 mils away from the
1.27-eV APD. Due to the strong absorption of above-bandgap light, most
of the detected light is in the 0.75 to 1.27-eV range. The 1ight generated
was linearly proportional to the APD bias current for all bias currents
examined (between 10 uA and 5 mA). Photocurrent sensitivity was about
1 pA. Assuming that the APD is a (two-sided) Lambertian emitter, and
estimating the average quantum efficiency of the detector to be 0.5, we
estimate that the total external quantum efficiency for photon creation
in the range between 0.75 eV and 1.27 eV is 6 x 1073,




Similar measurements have been made on our conventional-structure
(Ref. 13, p. 6) 1.00-eV bandgap InGaAsP APDs, with the result that the
external quantum efficiency for photon generation between 0.75 eV and
1.00 eV is about 3 x 10'5 in most diodes examined. The average external
quantum efficiency per unit energy is thus nearly the same for both the
1.00-eV APDs and the 1.27-eV APDs, having the value 1 x 10'4/ev. With
such similar light emission, one is tempted to infer that the 1.00-eV
APDs have uniform light emission, since the 1.27-eV APDs do. (Only the
1.27-eV 1ight can be seen by an infrared microscope with S-1 responée.)
This would be another indication that the breakdown in good 1.00-eV APDs
is uniform and not caused by microplasmas. The excess leakage current

near breakdown in the 1.00-eV APDs could well be associated with tunnel-
.10
ing.




3. HYBRID STRUCTURE InP-InGaAsP APDs

In February of 1979, we first fabricated hybrid structure APDs.l6 --

i.e., APDs having an InP avalanche region and a separate InGaAsP absorbing

region. These APDs unfortunately had microplasma breakdown occur as
soon as the depletion region reached the InP-InGaAsP interface. Further
efforts at such structures were not made until about 6 months later,
when NEC reporteds’7 hybrid structure InP-InGaAsP APDs that seemed to
work -- i.e., avalanche gain occurred with reduced leakage current.
Since that time, we have fabricated a variety of successful hybrid APD
structures.

We fabricated the NEC planar hybrid APD structures’7 on two wafers.
The structure is shown in Fig. 3. Device performance results were ambi-
guous. The I-V characteristics were rather "loopy" (at 60 Hz) near
breakdown, which is indicative of charge storage either at an external
surface or at the InP-InGaAsP interface. There was also some peculiar
frequency dependence to the gain. When the curve-tracer was swept at 60
Hz, substantially larger gains occurred than when the diodes were DC
biased. For example, one diode with the voltage swept at 60 Hz had M =
20 at a (multiplied) dark current of ID 5 uA. (The APD diameter is 8
mils.) Another diode had M = 400 at Iy = 200 uA under AC conditions,
but only M = 25 at ID = 200 uA when DC biased. We do not understand
this benavior. It may well be anomalous (and hard to reproduce). In
any case, this structure is not the preferred one. One problem with
this structure is that premature breakdown can occur at the edges of the
active region under certain conditions of doping or junction curvature.
The inverted mesa structures discussed below do not have this problem.

Two types of hybrid APD inverted-mesa structures were fabricated.
The first type is preferred if B > a, while the second type is preferred
ifa28. (o and B are the electron and hole ionization coefficients,




p+-InP
(Zn~diffused)

auZn

3102
n-InP
n-InGaasP

n*-Inp
~ (substrate)

\ AuSn

Fig. 3 Planar hybrid APD structure.
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respectively.) We have recently determined that Type I structures have
i B > a, so that the preferred structure is the Type I structure which we

now discuss.

3.1 Type I Hybrid APDs

The characteristics of a Type I APD are summarized in Fig. 4. The
Type I structure (Fig. 5) is grown by liquid phase epitaxy (LPE) and
consists of p+-InP(substrate)/p-InP(diffused)/n-InP/n-InGaAsP. The p-
InP region is formed by diffusing Zn from the substrate into an n-InP
epilayer, thereby leaving an n-InP region of the desired thickness (~1.4
um). This structure is designed to be illuminated through the substrate
for optimum speed and quantum efficiency. When the APD is biased near
breakdown, the depletion region (~1.5-2.0 um wide) must just barely
extend into the top InGaAsP layer. The depletion region must not extend ‘
very far into the InGaAsP layer in order that the electric field be kept
well below the breakdown field. High electric fields in InGaAsP cause

the large excess leakage current near breakdown found in conventional ‘
(nonhybrid) ~1.0 eV InGaAsP APDs. Hence the thickness of the n-InP i
region of Fig. 5 is critical. The fabrication approach used was to |
calibrate the drive-in diffusion process with a small test piece from

the given wafer, and then to divide the wafer up into 2 or 3 pieces so
that 2 or 3 nearby values of d would resuit from 2 or 3 slightly dif-
ferent drive-in diffusions. In spite of this "shot gun" approach, most
wafers had poor APDs. The best piece of the best wafer had a low yield
of good APDs. A few of these were outstanding. Only one of these
outstanding APDs, however, made it completely through packaging and
testing so that it could be included in the hardware shipment of this
contract. With more experience, the low-yield problem may be solved,
although fabrication will still be difficult (due to the precision

needed during the drive-in diffusion step). The low yield might possibly
be associated with nonuniform diffusion from the substrate, since occa-
sfonally dips in the diffusion front could be seen. Perhaps use of
substrates from a variety of bulk crystals would be helpful in future
work.

N {




Optimum Gain: M/ . 24 for 107 b.e.r., 100 Mbit/sec system

P
Dark Current: ID <6 nAatM=30

Maximum Gain Nonuniformity at <M> = 25: +22%

Excess Noise Factor, F: F/M = 0.42 £ 0.10 for 5 < M < 35
Breakdown Voltage: VBD =75V

Diameter: 150 microns

Capacitance: 1.0 pF

Spectral Response: 0.97 - 1.24 um

Quantum Efficiency: 50%

Rise Time: < 0.5 nsec

Fall Time: 3 nsec

Fig. 4 Type I hybrid InP-InGaAsP APD specifications.

The better of these Type I APDs have a reverse I-V characteristic
similar to that shown in Fig. 6. (This figure is for the Type I diode
that has been delivered.) At a gain of 30, the dark current is less
than 6 nA. The step in photoresponse seen at ~35V occurs when the
depletion region edge reaches the InGaAsP interface. For this APD,

d = 1.4 um was obtained both by C-V profiling (Fig. 7) and by inspection
of a cleaved and stained cross section. The breakdown voltage for the
diode of Fig. 6 was ~76V and the capacitance for the 150-um diameter
APD was 1.0 pF (excluding package capacitance of 0.3 pF). The APDs are
illuminated through the substrate and are packaged in sealed micro-
window packages, similar to that shown in Fig. 8. Such packages allow
nearly 100% coupling efficiency from optical fibers with core diameters
up to 100 um (NA < 0.30).
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The key to the package is the 75-um thick GaP window chip, upon
which sits the photodiode chip. GaP is transparent (even in the visi- i
ble), is as hard as quartz, has high thermal conductivity, and is
resistant to most chemicals. It is electrically conductive when doped;
(conductive GaP is preferred, since then the conductive epoxy shown
in Fig. 8 could be eliminated). In addition, because of the high index
of refraction of GaP (n ~ 3 in the infrared), light spreads relatively
little in it compared to air or quartz; (e.g., light spreads about the
same amount in 3 mils of GaP as in 1 mil of air). Hence a 3-mil GaP
window introduces nearly negligible spreading: only a 10-um increase
in spot diameter results from a 0.20 NA optical fiber. Reflection
losses are effectively reduced by antireflection coatings.

At a gain just over M = 35, a microplasma forms in the diode of
Fig. 6 which causes a sudden increase in dark current, although the
gain continues to increase even beyond this point. Since optimum
sensitivity typically occurs for M < 30, microplasmas will generally
not be a problem under normal operating conditions. The maximum gain
nonuniformity at an average gain of 25 was +22%, as measured by scan-
ning a 70-um light spot.

The DC gain is the same as the rf gain at low light levels, and
follows S. L. Miller's semi-empirical relationship]7 with an exponent n
= 3.5+ 0.3 for M> 3, with larger values occurring at lower gains (n =
5.2 at M = 1.3). This compares to n = 2-8 for silicon and Ge APDs. The
quantum efficiency at 40V (where M=1) is 50% at 1.06 um (as measured
using a 1.06-um LED coupled to the packaged APD by a 63-um core 0.2 nA
optical fiber); the long wavelength cutoff in spectral response is at
=1.24 ym. The main reason the quantum efficiency is not larger at 1.06 um

is due to free carrier optical absorption in the 1 x 1018cm'3 In-doped




2 nA

2 nA

5v

‘ Fig. 6 Type 1 hybrid APD I-V characteristics: ‘
Top: Reverse characteristics at 10V and 2 nA/div. ¥ |

Bottom: Partial reverse characteristic beginning
at ~25V at 5V and 2 nA/div.

For both photos, the upper curve is the dark current, ‘
while the lower curve includes a small photocurrent.
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Epotek H20BE

(Conductive .
epoxy) ﬂ/m Optical fiber Epotek 301-2

(insulating
\ v / epoxy)
’ h

Cu
{Au plated)

- Ausn

GaP . . '. . Au + AuSn

' . L Antireflection
Coating
|_ Contact metal

— . . — Al03
- . . c ) ~ APD

Contact metal

N /

Fig. 8 Micro-window APD package. The APD chip
is soldered to the special GaP window
chip, described in the text.




InP substrate (antireflection coatings have been employed). Total
reflection losses of the packaged APDs are estimated to be 24% at 1.0

um and 3% at 1.3 um. Based on some of our recent InGaAs photodiode
work‘s, we estimate that free carrier absorption accounts for absorption
. of about 30% of the light at 1.0 um and 40% at 1.3 um, for a substrate
100 um thick. Use of more lightly doped substrates (~2 x 10]7) would
nearly eliminate this problem. The variation in reflection losses with
wavelength cancels the variation in free carrier absorption, so that the
external quantum efficiency is nearly constant (= 50%) within the spectral
response band (0.97 to 1.24 um).

The response of the APD to a fast pulse from a 1.1-um InGaAsP/InP
laser is shown in Fig. 9. The rise time (0.8 nsec) is that of the measure-
ment system, but the fall time is extended to =3 nsec by a diffusion
tail that begins about 25% above the baseline, and which arises from
holes slowly diffusing in the InGaAsP layer toward the depietion region.
There was no variation of speed with gain. No such tail is seen in our
high-speed In'53Ga.47As/InP photodiodes. It is very difficult to avoid
such a diffusion tail in hybrid structure APDs, since extending the
depletion region substantially into the InGaAsP layer will drastically
increase the leakage current. Because the diffusion tail only affects
the lower part of the pulse, we find (Fig. 10) that the response time
defined as the full width at half maximum (FWHM) of the response to a
delta function pulse is in the subnanosecond region.

The dependence of gain and dark current near breakdown on tempera-
ture was measured using temperatures of 23°C and 44°C. The breakdown
voltage VBD’ defined as occurring where M=15, increases with temperature
according to (AVBD/VBD)/AT = 1.0 x 10‘3/°c. At the voltage where M = 15
at 23°C, M decreases by a factor of 2 for every 18°C rise in temperature.
; At the voltage (near breakdown) where the 23°C dark current is 6 nA, the
| dark current approximately doubles every 15°C.




Fig. 9

Response of Type I APD to fast rectangular
pulse from 1.1-um InGaAsP/InP laser. The
rise time (0.8 nsec) is that of the measure-
ment system. A diffusion tail extends the
fall time tov = 3 nsec.
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Fig. 10 Impulse response of Type I APD. FWHM of
measurement system is 0.8 nsec.
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Careful noise measurements were made to determine the excess noise
factor, F. For illumination through the substrate, the avalanche is
initiated by holes, and we found F/M = 0.42. F/M was constant for 5 <
M < 35 to within £10%. There may also be systematic errors in F/M
totaling £20%; these arise mainly from assuming that the quantum effi-
ciency is constant above 40V and that M=1.00 at 40V. Actual measurement
and calibration accuracy is *5%.

Use of the shot noise of a large photocurrent at 40V to calibrate
the noise measurements allows F/M to be obtained using only relative
(not absolute) power measurements, and does not require knowledge of
amplifier gain or frequency response. Let IPH,O be a Targe DC photo-
current (~50 uA) at Tow bias (~40V) where M = 1, whose shot noise generates
a noise power reading of PD,0 + PH,0 (after several steps of AC-coupled
amplification). Let PD,O be the corresponding power reading in the
dark. Next, bias the APD near breakdown and measure the gain and mul-
tiplied OC photocurrent, I, of a small primary photocurrent. A small
primary photocurrent must be used so that gain saturation is not occur-
ring; the rf gain should then be the same as the DC gain (this was
confirmed to be the case). IPH generates a power reading of PD+PH’ Let
PD be the corresponding power reading in the dark; (PD = P3,Q if thzos
is negligible dark current). If one makes the usual assy?piion that
noise power adds algebraically, then one can show that the excess noise
factor is given by

Ion,of Tpn [PD+PH i ]
M Pn,0

L
p
[ _D,0+PH,0 ]

(3.1)
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The advantage of this procedure is that only relative power measurements
are needed, and that amplifier gain and frequency response need not be
known. This is particularly helpful in broadband measurements, since
the noise bandwidth is often difficult to determine precisely, but need
not be known when using the above technique.

The simple form F/M= const = K, (K = 0.42) allows simple analytic
expressions describing APD performance to be obtained (Appendix A). For
a given signal-to-noise ratio {SNR) of electrical power, the optimum
sensitivity (if there are no microplasmas) occurs at a gain of

_ -1/4 ,, 1/2
Mopt = (3 SNR) (In/qBK) (3.2)
and the required optical power is
Py = (%) (3 sm)¥* (@B K1)E (3.3)

At optimum or nonoptimum M, the noise equivalent power (NEP) is given by

_ hv = o 2.,2,2 2,12
NEP = nq qMK vB + ‘|4 M=K°B + In /{(M°B) . {3.4a)
I
hv n
v n (3.4b)
M<<Mpe "M 5

Here, B is the noise bandwidth in Hz, In is the equivalent rms input
noise current of the preamp (in amps) and n is the quantum efficiency
for a photon having energy of hv. We have assumed that the shot noise
of the dark current is small compared to In‘ This is true for the APD
of Fig. 5 up to gains over 30. With B = 50 MHz and In//E'= 3.6 pA/YHz
(as for our preamps, see Sec. 4.2), and with SNR = 36 (as for a 1079
b.e.r.),
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one finds by Eq. (3.2)

Mopt = 27 (3.5)
The required optical power at A = 1.1 um and n = 50% for the Type [
APD is then

P = 2.2 nW = -46.6 dBm (3.6)

This is siightly better than the sensitivity that a state-of-the-art
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pin-FET module could achieve, but there are no problems with

dynamic range and no need for equalization.

We have observed that at high gains microplasma pulses occasionally
form, even before the DC photocurrent begins its sharp increase at M =
35. These may be rare enough at M = 30 so that they do not noticeably
contribute to the average noise. However, they do affect the bit error
rate. Operation at slightly lower gains is preferred in order to reduce
or eliminate the occurrence of these microplasma spikes. At M = 24, the
microplasma spikes occur minutes apart and have subnanosecond pulse
widths; hence at M = 24, the spikes would have little effect on the
error rate of a 50-Mbit 10'9 b.e.r. system. Similar behavior occurs for
silicon APDs operated at high gains.

3.2 Type II Hybrid InP-InGaAsP APDs

Another type of hybrid APD structure that we have fabricated is
shown in Fig. 11. This Type II APD structure consists of p+-InP(sub-
strate)/ p-InGaAsP(diffused)/p-InP(diffused)/n-InP. To obtain this
structure, we first grow (by LPE) the structure p+-InP(substrate)/n-
InGaAsP/n-InP; we then perform a deep drive-in diffusion of Zn from the
substrate, so that the p-n junction is located in the top InP layer
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slightly above (X 1.0 um) the InGaAsP layer. The junction is quite

graded so that the depletion region extends (downwards) into the InGaAsP
layer at low biases. The substrate is Zn doped (1 x 10]8
the n-layers are unintentionally doped at about 2 x 1016

cm'3), while
3

cm Y.
We have fabricated Type II APDs using InGaAsP layers having bandgaps
of either 1.31 um or 1.24 um. The 1.24-um structure is easy to grow.
However, to obtain spectral response out to 1.3 um, we are more inter-
ested in the 1.31-um structure. The 1.31-um structure is much harder to
grow by LPE, partly because 1.31-um layers are harder to reproducibly
grow than 1.24-um layers, but mostly because the melt for the top InP
layer tends to partially dissolve the underlying quaternary layer when
its bandgap is 1.31 um (but not 1.24 um). A variety of growth condi-
tions have been used, including up to 15°C of supercooling. Even on the
best wafers, only part of the wafer is free from meltback. An example
of partial dissolution of a 1.31-um layer is shown in Fig. 12.

The I-V characteristic of a typical 1.37-um Type II APD is shown in
Fig. 13. The step in photoresponse at ~5V accurs when the depletion
region reaches the InGaAsP layer. The doping profile, obtained by C-V
measurements, is shown in Fig. 14. Note that the junction is graded
near the center of the junction. A cleaved and etched sample indicated
that the p-n junction was located 1.0 um above the InGaAsP layer, which
is consistent with the I-V and C-V data. There is usually a high yield
of low-leakage Type Il APDs with gain (on a good wafer), but the maximum
gain obtained before microplasma formation has so far been rather small.

We have fabricated 1.24-um Type II APDs with gains up to M = 9 with
dark current of I = 100 nA; (diode area is 3 x 10'4cm2; breakdown
voltage is = 82V). Most diodes have gains of only 3-5 before micro-
plasmas form, resulting in a sudden increase in leakage current and
noise. However, these initial 1.24-um Type II APDs were not optimum,

since the p-n junction was just barely (z0.3 um) inside the top InP

layer.
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Partial dissolution of a 1.31-um bandgap InGaAsP

Tayer by an InP melt supercooled by 15°C.
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The 1.31-um Type Il APDs have the p~n junction about 1.0 um into
the top layer, but still tend to form microplasmas at low gains. Maxi-
mum gain prior to microplasma formation is M = 5, with M = 3-4 being
typical. Prior to microplasma formation, these 150~-um diameter APDs
have dark currents of only a few nanoamps, typically, and the gain is
quite uniform. As with the Type 1 APDs described earlier, the Type II
APDs need to be operated at gains slightly below the point where the
dark current increases sharply in order to avoid occasional microplasma
spikes. Hence M = 3 is typically a good operating point. At such low
gains, the gain process is essentially noiseless for (the small) signals
of interest. Hence, the ratio of electron (a) and hole {(B) ionization
coefficients is not very important -- e.g., M = 3 improves the sensi-
tivity by a factor of 3. However, if large useful gains become available,
the excess noise factor and the ratio of ionization coefficients will
become important. For the 1.24-um Type II APDs described above, we
measured the excess noise factor, F. For M near 5, we found F/M = 1.3 =
0.2 for an electron-initiated avalanche. This excess noise factor
implies 8/a = 1.5+ 0.3. For the 1.24-um Type II APDs whose noise
properties were measured, the InGaAsP Tlayer probably was an active part
of the avalanche process, since the p-n junction was only ~0.3 um into
the InP layer. Hence the excess noise factor that was measured may be a
characteristic of InP and InGaAsP, not simply InP.

Type II APDs may be illuminated from either the top side or through
the substrate without a big difference in the quantum efficiency or
speed, so long as the InGaAsP layer is not too thick (£2.0 um). For
thicker InGaAsP layers, top-side illumination would be preferred. Top-
side illumination would also be preferred for improved quantum effi-
ciency if free carrier absorption in the substrate is important. The
Type I1 APDs delivered under this contract had a bandgap of 1.31 um and
were packaged for illumination through the substrate. Quantum efficiency
was measured at 1.06 um using an LED coupied to the packaged APD with a




63-um core, 0.21 nA optical fiber. At 30V, the quantum efficiency was
40%. Quantum efficiency is nearly constant within the spectral response
band of 0.97-1.31 um, just as for the Type I APDs. Again, 30-40% of the
light is lost to free carrier absorption in the p+-InP substrate. For
these particular APDs, the InGaAsP layer was only about 0.8-um thick.
This allows about 20% of the light to pass through the layer without
being absorbed. More lightly doped substrates and slightly thicker
InGaAsP layers are desirable, in order to raise the quantum efficiency
above 80%.

The response of a 1.31-um Type II APD to a fast pulse from a 1.1-um
InGaAsP laser is shown in Fig. 15. The rise and fall times (0.8 nsec)
are those of the measurement system. Actual rise and fall times are
< 0.5 nsec. There is no variation of speed with gain. Type II APDs are
faster than Type I APDs because photoelectrons (Type II) diffuse faster
than photoholes (Type I). In particular, the fall time of a Type II APD
that is associated with a diffusion tail would be smaller than that for
a Type I APD by the mobility ratio “e/“h -- a factor of ~40.

The properties of all the hybrid APDs delivered to the Army under
this contract are summarized in Fig. 16. APD #1 is Type I; the remain-
ing APDs are Type II,




Fig. 15 Response of Type II APD to fast pulse from 1.7-um
InGaAsP/InP laser. The rise time and fall time
are those of the measurement system (0.8 nsec).
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4. APD/PREAMP MODULE DESIGN

It is necessary to have a good low-noise preamp to use with APDs in
order to obtain greatest receiver sensitivity. We restricted our design
considerations to bipolar preamps in order to give a higher priority to
the development of hybrid APDs. Bipolar preamps are more sensitive than
GaAs FET front-end preamps when the capacitance to ground at the preamp
input is large (2 5 pF); FET preamps are more sensitive when this capaci-
tance is small (S 5 pF). Two types of bipolar transimpedance amplifiers
were investigated and will be discussed below.

4.1 Preamp Circuit Analysis

4.1.1 Analysis of a General Transimpedance Amplifier

A general transimpedance amplifier i3 shown in Fig. 17.
The basic open-loop amplifier (obtained by setting ZF +> @, ZL + =) has
a (complex) voltage gain of -G. Symbols are defined in Fig. 17 and the
Fig. 17 caption. Analysis of this circuit shows that

Z,
- Iszf 1 - fo
VL = Z (4.1)
1, +1 YA
2 74 f 2
”—ez—L—(‘ *‘zT)*z‘G

Normally, Zf, ZZ’ and ZL are approximately real, having values Res R2,

and R, respectively. Also, we generally have R, << 1621| and R, << (Rf{.

Equation (4.1) then becomes

. , 4.2)
L P R (
oy L(H__f)

GRL Z,

The input impedance of the transimpedance amplifier is




Fig. 17 Generalized transimpedance amplifier.
Zf is the complex feedback impedance.
ZS’ Z], Z2 and ZL are the complex
source, input, output, and load impe-
dances, respgctively, when.Zf > o,
G is the negative of the complex
voltage gain (VL/V]) for Zf + @ and
ZL + @, IS is the current coming
from the source.
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R R, + R

f 2 L
Zin = 5 T s (4.3)

and the output impedance is roughly given by

2R2 i
Zwt ~ ® 10 . (4.4) |
4.1.2 Analysis of Two-Transistor Bipolar Transimpedance Amplifier F

A simple transimpedance amplifier is shown in Fig. 18.
It consists of an open-loop voltage amplifier having high input impedance
and low output impedance. There are two bipolar transistors in the
amplifier: an input transistor in the common emitter configuration to
provide voltage gain, and an output transistor in the emitter-follower
configuration to provide low output impedance. The feedback resistor,
Rf, that connects the output to the input results in a closed-loop
amplifier with low input and output impedance.

o

To analyze the circuit of Fig. 18, a high-frequency model of a 1
transistor is needed. We begin with the model discussed by J. Carro112]
and shown in Fig. 19a. In the presence of a load le‘ this model can be
reduced to the model of Fig. 19b. From Fig. 19b, the input impedance
os the transistor, neglecting Rb’ is

S

Bt eepte rane

B R
1, = £ ?Re/z . (4.5)
1+ __._.l‘l__. lZL]l>>|20I
Ly * Iy
The output im
The cutput impedance (without the load) is
7, = —t (4.6)
0 . > )
JwB C
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Fig. 18 Simple bipolar transimpedance amplifier.
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and the complex voltage gain is

'G=_§='—LJ§-9' . (4.7)
e

Here Re (= 1/gm) is the dynamic resistance of the emitter-base junction,
mt/Zn is the cutoff ffgguency of the transistor, CC is the collector-
base capacitance, and 8 is the complex frequency dependent current gain
of a common emitter transistor, and is given by

B o= 8,/ juByfu] . (4.8)

The complex Miller feedback capacitance, -'ECC, has been included
in these calculations. Its effect is only to introduce the factor of 2
on the right side of Eq. (4.5). The Miller effect is minimal because
there is only limited voltage gain available at moderate frequencies due
to a reduced ouptut impedance (|20!~9009 at 100 MHz).

The model of Fig. 19b can be used to show that the output impedance
of an emitter follower transistor at most frequencies of interest is
approximately

R R

2 = Ry (4.9)

where Re2 is the dynamic resistance of the emitter-base junction.
Equations (4.5)-(4.9) can be used with Eq. (4.2) to show that

- IR
v, o= s f (4.10)
L . Rez M RL) -
1+ Jch (—T— (8 Re + ZRf)

Here we have comfortably assumed R,, << ngRe/ZI, Rgp << |GR¢| Ry << lZL][,

and 2Rg<< fEZL1l. Equation (4.10) shows that highest response speed
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a)

Cc
Il
1
: o
b O——AMA— - Q¢
51 \J/
Z
e L1
Co -J- 3 Re T Cd
e O— . —O e
b)
Rp
O~ VWA~ - - ©C
vb B Re Vc
1 ZO + ZL1 RQ
O -Q
- 8 b
g = ______0___ Zo = ._..3:._
1+ jwhg/we iwBC,

mt/21r = cut off frequency of transistor in Hz
Bg = DC common emitter current gain
Cc = collector-base capacitance

Fig. 19 High-frequency model of bipolar transistor:
a) Basic model (Ref. 21)
b) Equivalent model.
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occurs when both transistors are driven hard (so that Re2 << RL and
[BRe( << ZRf). The maximum high frequency rolloff of the transimpedance
amplifier is then at

. 1
f3db = 7 RC) (4.11)

This is an upper limit, since it may not be possible or desirable to
drive the transistors too hard; (e.g., so as not to exceed maximum
current ratings or cause excessive noise). Furthermore, there is an
additional bandwidth constraint determined by the input RC time constant.
Using Eq. (4.3), this is

. 1
fia = ZCRTAT (4.12)

where CS is the capacitance of the source (APD + stray) and where we
have assumed that G is approximately real (which it is for w >> mt/eo).
Usually, Eq. (4.11) dominates the determination of the bandwidth rather
than Eq. (4.12); i.e., the bandwidth is usually determined by the ampli-
fier speed rather than the input RC time constant. Good agreement with
experiment has been found.

The actual circuit that was used in the modules for the contract
hardware requirements is shown in Fig. 20. This is essentially the same

as Fig. 18 with bias circuitry added. However, there are a few differences.

The 2702 resistor at the base of the output transistor has been added to
improve stabthy22 by decreasing the gain at very high frequencies.

The 47Q resistor at the output has been added to increase the bandwidth
(by ~25%) by increasing R, in £q. (4.10); this resistor nearly halves
the closed loop gain at the output terminal (in volts/amp) for a 50-ohm
load, but has the desirable effect of stabilizing the amplifier against
capacitance loading (e.g., a filter). The resistor causes the output
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Vdotector =+7V

005 ©
(200V) .005 (200V).

50K 3 .01 1__.
430

1 (200v) .18

"'”'1.-—”

50K 1

.039 NE 68335

(200)
\‘\ | -+ ‘/ NE 68335

0 47

detsctor 270 _‘“ . Vour

- AAA,
v

R¢

Thick film chip resistors by Varadyne.
Chip capacitors by Johanson Dielectrics.
Bipolar transistors by NEC

b)
Rf i v Rf“"Kﬂ

AP\ pr— —— AAAF

)4
AT

0.5 -2pF
JFD #GT12T

i
H
i
!
1

Fig. 20 varian APD preamp module circuit.
a) Circuit schematic.
b) Modification for larger bandwidths.

i ok < RO e Bt ML

40 1

Ly A A Ao TS S e S




BUPPSINE

i
¥
1
!

jmpedance to be about 50 ohms, which is also desirable. As shown in

Fig. 20b, Rf may be shunted with a small capacitor if very large band-
widths are needed (which require smaller Rf). This is to flatten out a
peak in frequency response that would otherwise occur at high frequencies.

The amplifier of Fig. 20 has the gain saturate when the output
voltage is somewhat larger than 100 mV (independent of Rf). This occurs
at a photocurrent of

I 0.1V/(Rz/2) =—=———s 30 LA (4.13)
sat f Re = 7 KR
200 pA
Rf =1 K2

Such values of ISat result in a dynamic range of about 32 dB.

4.1.3 Noise Analysis of Transimpedance Amplifier

Generally, amplifiers have noise which can be represented
by a combination of voltage noise generators and current noise generators
at the input of a noiseless amplifier. This representation often obscures
the relative importance of various noise sources. However, it has been
found that it is relatively easy to compare the importance of various
noise sources if one assigns an effective noise resistance R* to a noise
source such that a current noise generator, In, placed in parallel with
the detector at the input, correctly describes that noise when In*is
taken to be the Johnson thermal noise current of the resistance R ;

i.e.,

*
I,- = 4kT B/R (4.14)

(B = effective noise bandwidth in Hz).

L)
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For multiple noise sources, the corresponding effective noise
resistances combine in parallel. The total noise current is then the

Johnson noise of the equivalent parallel resistance. Hence, knowing the
R* of each noise source allows the total noise current to be calculated
from the Johnson noise of R = R]*lle*l{R3*||R4* ...... Hence the
most important noise sources are easily identified as those having the
smallest effective noise resistances. The r.m.s. noise current In of
Eq. (4.14) adds directly to the photocurrent signal IS generated in the
detector. Hence the signal-to-noise ratio is simply (IS/In)Z.

Effective noise resistances for the transimpedance amplifier arise
from the feedback resistance Rf and from the shot noise of the base and
collector currents. The effective noise resistance for Rf is simply

Re = Rf R (4.15)
while for a bipolar transistor23
* * * Y38
R R.IIR 0
BIP b'' ¢ =B (4.16)
at optimum bias T "cin

where the base current shot noise has the associated noise resistance

R = 2«T8./ql. = 28 R 4.17
b k Bo/q e n 8o e ’ (4.17)

while the collector current shot noise has the associated noise resis-
tance

* 6
R, P 3)2 . (4.18)
e in

113
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Here, B is the bandwidth for an assumed sharp cutoff at B Hz. Cin is

the total capacitance at the input of the preamp and includes both the
photodiode capacitance CPD and the input capacitance of the input trans-
istor. Bo is the DC current gain and n is the nonideality factor of the
emitter-base junction (for microwave transistors n ~ 1.5); Re is the
differential DC resistance of the emitter-base p-n junction and is
related to the emitter current I by R = nkT/I The noise of a bipolar
transistor (eqs. (4 10)-(4.18)) 1s m1n1m1zed when R is adJusted (via

Ie) so that R; Rc‘ This results in the optimum va]ue of RBIP shown on

the far right side of Eq. (4.16).

Some magnitude estimates may be helpful.

R;IP - 7.4 K0 (4.19)
o =100, n=1.5
Cip = 5 pF

B = 50 MHz

>

which occurs at Ie = 0.34 mA. Most transistors do not operate well at

such low currents.

If Rf = 7 K@ is chosen, then the total noise resistance of the
amplifier is

*

R = Rfl]RBIP = 3.6 Ko (4.20)

which by €q. (4.14) has

L/B = 2.1 pA/ViEE (4.21)

For a microwave transistor with CC = 0.2 pF, a bandwidth of 57 MHz would
be expected by Eq. (4.11).
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Finally, it is of interest to know whether the APD dark current ID
makes a negligible contribution to noise. If the dark current has been
multiplied in the same way as the photocurrent, the effective noise

resistance is

RB = 2KT/qI,FM 19 Ko : (4.22)
1, = 10 A
F/M = 0.42
M= 25

On the right side of this expression, we have used values for a Type I
* *

APD. Note that RD >> R of Eq. (4.20) for the preamp, and so the dark

current makes a negligible contribution to the noise.

4.1.4 Three-Transistor Bipolar Transimpedance Amplifier

We have also fabricated the three-transistor amplifier of
Fig. 21. This amplifier has a grounded emitter transistor at the input
driving a grounded base transistor which is then followed by an emitter-
follower transistor. Such amplifiers achieve more voltage gain because
a grounded base transistor can drive a larger load than a grounded
emitter amplifier, since the grounded base transistor has an output
impedance of 1/ijc, while the grounded emitter transistor has an output
impedance of T/jdgcc. The larger gain would allow a larger value of Rf
to be used before the bandwidth becomes constrained by Eq. (4.12); (Eq.
(4.11) is not valid for this amplifier.) Larger Ry decreases the noise.
On the other hand, voltage gain is delayed until the second stage (i.e.,
the grounded base transistor), so that the second stage noise now becomes
important. The rssult is to decrease R: of Eq. (4.18) by a factor of 2
which decreases RBIP at optimum bias by a factor of /2.

In practice, we have found that the three-transistor amplifier for
a given bandwidth is slightly noisier than the two-transistor amplifier.
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Fig. 21

Three-transistor bipolar transimpedance amplifier




Furthermore, since we have obtained very large bandwidths {up to 450 MHz
with Rf = 1 KQ) with the two-transistor preamp, there is no need to use
the three-transistor preamp. Hence we have chosen the two-transistor
preamp for our APD modules, even though the three~transistor preamps
typically have about 25% larger bandwidth than the two-transistor preamps
for the same value of Re-

4.2 Preamp Results and Module Performance

Some finished preamp modules are shown in Figs. 22 and 23. The
APDs are packaged in the micro-window packages which Fig. 8 are then
inserted into a SMA-type bulkhead mount, using simple hardware. The
APDs are removeable and can be interchanged. Figures 22 and 23 also
show an alternative version of the modules that has the APD permanently
mounted on the PC board.

As our circuit analysis shows, in order to obtain optimum preamp
performance, microwave transistors that operate well at submilliamp
collector currents and that have small collector-base capacitance are
required. Microwave transistors are required in order to have small
capacitance and in order to have decent voltage gain at high frequencies
(so that Eq. (4.12) does not restrict the bandwidth). They must have
very small collector-base capacitance to have large bandwidth (Eq.
(4.11)). They must operate well at submilliamp currents in order to
minimize noise. Hence very small-area microwave transistors are required.
An ideal choice for such transistors is the NEC transistor NE68335,
which has peak performance at about 0.8 mA, and which has Cc = 0.2 pF
and ft = 5 GHz. For this transistor, the preamp modules have a capaci-
tance to ground at the base input of cin = 5 pF, which consists of 1.0
pF from the APD chip, 0.3 pF from the APD micro-window package, 1.8 pF
from the APD package mounting connector and hardware, 1.5 pF from the
input transistor (including the Miller effect) and 0.4 pF stray capaci-
tance on the PC board.
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Fig. 22

Varian APD/preamp modules (exterior view). The model on the

right has the APD as a permanent part of the circuit, while
the module on the left allows the APD to be removed and
replaced with other similarly packaged APDs.




Fig. 23

Varian APD/preamp module (interior view). The model on the
right has the APD as a permanent part of the circuit, while
the module on the left allows the APD to be removed and
replaced with other similarly packaged APDs.
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Ten modules were delivered under this contract. The characteristics
of these preamps are shown in Fig. 24. Modules #1-8 have Rf =7 K

and about a 52-MHz bandwidth. Modules #9-10 have Rf = 1 K2 shunted by
~0.5 pF. The shunt capacitance was chosen to reduce the bandwidth for
modulies #9-10 to about 250 MHz. (Smaller shunt capacitance would allow
flat response within a bandwidth of 450 MHz.)

As discussed below Eq. (4.21), preamps #1-8 are expected to have a
bandwidth of about 57 MHz and an equivalent input noise current of
In//E = 2.1 pA/vRz. Similarly, preamps #9-10 are expected to have a
maximum bandwidth of 400 MHz, with In//§'= 5.2 pA/vHz for a reduced
bandwidth of 250 MHz.

As Fig. 24 shows, the predicted bandwidths are accurate. (Preamps
9-10 have a bandwidth of 450 MHz if Rf is shunted with ~0.3 pF.} On the
other hand, all preamps have values of In//§ that are noisier than
expected by a factor of about 1.7 (Fig. 24). Much of this discrepancy
is probably due to the very non-white nature of the noise, which results
in the noise bandwidth being substantially larger than the signal band-
width, even when a 12-dB/octave filter has been used to limit the bundwidth.
(The theoretical predictions are based on a sharp high-frequency cutoff.)
This problem is accentuated by the fact that the most important noise
source at higher frequencies is not white, but increases as mz. Part of
the noise prediction discrepancy may also be due to the inadequacy of
the simple transistor model that has been employed.

The bandwidth measurements were performed by removing the APD from
the module and using the SMA APD mounting connector on the module to
connect a 4-pF, 1-KQ current source that could be sinusoidally modulated
with a variable frequency signal of known (constant) amplitude. Moni-
toring the sinusoidal signal at the output on either an oscilloscope or
a power meter as the frequency was varied, then allowed f3dB to be
determined. The rise and fall times of the amplifiers could also be
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determined by illuminating the APD/preamp module containing a Type II
APD with a fast rectangular pulse from an InGaAsP laser. The pulse

response of preamp #9 is shown in Fig. 25. The rise and fall times are
1.4 nsec, which is consistent with the f3dB measurements (rise time
x 1/3f3d8).

The amplifier noise measurements were obtained using the shot noise
of a known photocurrent, IPH’ to calibrate the measurement system. With
the APD biased at about half the breakdown voltage (so that F = M = 1),
one measures the {amplified) output power in the dark (PD) and also
under illumination (PD + PH). Without the need to know the amplifier
gain or the noise bandwidth, one then obtains

2
In 29 Ipy

8T TPpype/Pp) - (4.23) |

The NEP of the Type II APDs (+ preamps) is readily obtained, since
at the (low) optimum gain {shown in Fig. 14) the photocurrent does not
contribute to the noise. The NEP is then simply given by €q. (3.4b) in
terms of In//§. The NEP values are shown in Fig. 24 and range from
2.9 pW/vHz for a 54-MHz bandwidth module to 7.6 pW/vHz for a 260-MHz
module.

For the Type 1 APD operating at M = 24 (which is optimum gain for a
high signal-to-noise ratio and low b.e.r.), the NEP is given by Eg.
(3.4) and has a value of 0.35 pW//Hz. For higher error rates, the Type
I APD could be operated up to M = 35, where Eq. (3.4a) gives an NEP
value of 0.26 pW//Hz. (The NEP values have been given for a wavelength
of 1.1 um.) Operated at M = 24, the Type 1 APD improves the NEP by 14
dB over the NEP of the same diode operated at M = 1. This demonstrates
that the APD gain is indeed useful for improving sensitivity.
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Fig. 25 Pulse response of transimpedance amplifier.
The rise time is 1.4 nsec.
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5. SUMMARY AND CONCLUSIONS

With the successful fabrication of high-performance (Type I) hybrid
InP-InGaAsP APDs, it is apparent that the avalanche gain improves sensi-
tivity by about 11-14 dB (depending on b.e.r. required) over nonava-
lanching photodiodes. Such APDs used with simple bipolar preamps have
sensitivity slightly better than the recent]y-described19’20
lanching pin-FET receiver modules. The disadvantage of an APD is the
need for an accurate, high-voltage, temperature-compensated APD bias
supply; however, there are many advantages. The advantages of the
APD/bipolar preamp over pin-FET modules are its much greater dynamic
range, its extended low-frequency response (near DC), its low 1/f noise,
its non-requiring equalization, and its ability to work well at elevated
temperatures. (The gate leakage current of MESFETs is likely to be a
problem at higher temperatures (~50°C) for the pin-FET modules.)

nonava-

I[f hybrid APDs were easier to make, there undoubtedly would be less
interest in the pin-FET receivers. It seems quite premature to assume
that fabrication and yield problems cannot be solved, since work on
hybrid APDs has only recently begun. On the other hand, hybrid APDs are
presently quite difficult to make, while nonavalanching photodiodes are
comparatively straightforward. The future is likely to see both APDs
and nonavalanching photodiodes being used for long-wavelength optical
fiber communications, with nonavalanching photodiodes being dominant in
the near future,
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symbols:

hv

SNR

NEP

APPENDIX A: SENSITIVITY ANALYSIS

optical power hitting APD
photon energy

electronic charge

quantum efficiency

noise bandwidth of receiver in Hz. For a single
pole roll-off, B = % X faug- B is about half the
allowed bit rate.

bit error rate

signal-to-noise ratio of electrical power referred
to the input of the preamp. SNR = 36 for 1077 b.e.r.

noise equivalent power = PR B"’I/2 for a signal power
PR causing a SNR = 1

photocurrent gain
primary dark current that gets multiplied

average primary photocurrent that generates desired
SNR when dark current is negligible (I] << IO)

average primary photocurrent that generates desired
SNR when dark current dominates photocurrent (11 >> IO)

optical power corresponding to Io‘
excess noise factor, a function of M
electron (hole) ionization coefficients

F/M; K = 8/a (or a/B) for electron (or hole) initiation
of the avalanche, respectively.
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equivalent rms input noise current of preamp (in amps)

n.APD equivalent rms noise current of APD (in amps)

Analysis of the sensitivity requires knowledge of F, the excess noise
*
factor of the APD. F is given by

M ['1 - (1 -K) (Fr%?—T)? ] (A-1)

KM (for M >> 1/K) . (A-2)

-
1]

’

*
where K is a suitably averaged ratio of ionization coefficients; K = B/a
if electrons initiate the avalanche, or K = o/8 if holes initiate the
avalanche.

Assuming the dark current is multiplied the same was as the photo-
*
current gives the APD noise:

2

12 ppp = 208 M2F (I + 1q) , (A-3)

where the primary photocurrent is

The signal-to-noise ratio (of power) is then

(M 1)2
SNR = ;5—_——_——_7' . (A-5)

n.apo * In

*R. J. McIntyre, IEEE Trans. Electron. Dev. ED-19, 703 (1972).




Using Eqs. (A-2) to (A-5), we find that SNR is maximized with respect
to M when

2 - 2
In, APD ZIn (A-6)
Then
: 2 1/3
M = n (A-7)
opt qBK(I0 + I])

Equations (A-2) to (A-7) determine the sensitivity when the APD is biased
to the optimum gain. There are 2 cases:

Case (a). I] << IO (Tow dark current):

= -1/4 1/2
Mopt (3 SNR) (In/qBK) (A-8)
and
I, = (3 W)/ (akr )'/2 . (A-9)
which corresponds to
PR Y Io (A-10)
The NEP, for optimum or non-optimum M, is
NEP = D Jquk/B +yqZMPK%B + 1/ (M%B) (A-11)
ng n

—— I
hv 'n
M << Mopt n—*q m . (A-]Z)




Case (b): 11 >> 10 (large dark current):

I 2 /3
E 3 n -
and
i I] 1/3
Iy = (TE) Iy , (A-14)
which corresponds to
- - 1 1/3
2 (h _ 1
e () 1, - (75> Py - (A-15)

In Eq. (A-14), IO is given by Eq. (A-9) and PR is given in Eq. (A-10).
Equation (A-15) shows that large dark current degrades the sensitivity
by (1,/15)'/3.
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